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Abstract Two new one-dimensional chain-like compounds, K4Na4[Mn2(H2O)8
Mn4(H2O)2(GeW9O34)2]  20.5H2O (1) and K2Na4Cu2(H2O)12[Cu(H2O)2Cu4(H2O)2
(SiW9O34)2]  15H2O (2), constructed from the sandwich-type clusters, have been
obtained by the routine synthetic reactions in aqueous solutions, and their structures
were determined by X-ray single crystal diffraction analysis. The crystal data is fol-
lowing: for 1, space group, monoclinic, P21/n, a = 16.693(3) A˚, b = 14.935(3) A˚,
c = 20.090(4) A˚, b = 92.23(3), V = 5004.7(17) A˚3, Z = 2; For 2, space group, tri-
clinic, P-1, a = 11.744(2) A˚, b = 13.415(3) A˚, c = 17.609(4) A˚, a = 73.08(3),
b = 82.68(3), c = 65.18(3), V = 2409.1(8) A˚3, Z = 1. The crystal structure of 1
shows a 1D ladder-like chain, built up of the sandwich anions [Mn4(H2O)2
(GeW9O34)2]
12- and the Mn2+ ions. Compound 2 is a polymeric chain, composed of the
Cu-substituted sandwich-type anions [Cu4(H2O)2(SiW9O34)2]
12- linked by the
Cu(H2O)4 clusters. These extended materials based on the sandwich-type polyoxoa-
nions are rarely reported in the POM chemistry.
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Introduction
Polyoxometalates (POMs), as metal–oxygen cluster ions, have been attracting
extensive interests due to their enormous structural varieties and the accompa-
nying multitude of potential applications in the field of catalysis, electrochemistry,
electrochromism and magnetism [1, 2]. The evolution of POM chemistry is
dependent upon the synthesis of novel polyoxoanions possessing unique structures
and physicochemical versatilities. With the aim of producing novel polyoxoa-
nions, much attention has focused on the self-assembly of preformed building
units. In this subfamily, lacunary POMs represent one of the excellent inorganic
precursors to construct new compounds with diverse nuclearities and structural
features combined with interesting catalytic, electrochemical and magnetic
properties, which have attracted considerable attention worldwidely [3]. Up to
now, numerous sandwich-type polyoxoanions have been synthesized by the
reactions of the lacunary polyoxoanions with the transition metal cations, and
mostly belong to the well-known Weakley-, Herve´-, Krebs- and Knoth-type
sandwich structures [4, 5]. They each accommodated a paramagnetic transition
metal-set between two lacunary polyoxoanions, which make them exhibit
interesting catalytic, magnetic, electrochemical properties. It is known to all that
the sandwich-type polyoxoanions have a larger volume and a more-negative
charge than that of the commonly used polyoxovanadate/-molybdate in con-
structing the extended structure materials, which allow the formation of higher
coordination numbers with transition-metal cations. These sandwich-type clusters
should be the excellent precursors, but are used scarcely for constructing the
extended structure materials [6]. In this article, we reported two new one-




All chemicals were commercially purchased and used without further purification.
K8[b-GeW11O39]  14H2O and K8[c-SiW10O36]  12H2O were synthesized accord-
ing to the literatures [7] and characterized by IR spectra. Elemental analyses (H)
were performed on a Perkin-Elmer 2400 CHN elemental analyzer; Si, Ge, W, Mn,
Cu, Na and K were analyzed on a PLASMA-SPEC(I) ICP atomic emission
spectrometer. IR spectra were recorded in the range 400–4,000 cm-1 on an Alpha
Centaurt FT/IR Spectrophotometer using KBr pellets. TG analyses were performed
on a Perkin-Elmer TGA7 instrument in flowing N2 with a heating rate of
10 C min-1. Electrochemical measurements were carried out on a CHI 660A
electrochemical workstation at room temperature (25–30 C) under nitrogen
atmosphere. A pHS-25B type pH meter was used for pH measurement.




K8[b-GeW11O39]  14H2O (2.0 g, 0.61 mmol) was dissolved in 60 mL of distilled
water with stirring. And then, 10 mL of 1 M MnSO4 (10 mmol) solution was added
dropwise with vigorously stirring and the mixture was boiled for 4 h. After cooling
to room temperature, the solution was filtrated and the filtrate was slowly
evaporated at room temperature for a week, resulting in a yellow crystalline product
(Yield 37% based on Ge). Anal. Calcd for 1 (%): K, 2.76; Na, 1.62; H, 1.08; Mn,
5.81; Ge, 2.56; W, 58.4; Found: K, 2.61; Na, 1.71; H, 1.19; Mn, 5.91; Ge, 2.32; W,
58.1. IR (KBr pellet): 946(m), 873(s), 765(s), 694(s), 510(w), 444(w) cm-1.
Synthesis of 2
D-Proline (0.1 g, 0.868 mmol) and CuCl2  2H2O (0.68 g, 3.98 mmol) were
dissolved in distilled water (60 mL). The pH value of the mixture was carefully
adjusted with a dilute NaOH solution (1 M) to 6.0 and then stirred for 2 h. Then
30 mL K8[c-SiW10O36]  12H2O (1.0 g) solution was added dropwise with
vigorously stirring, and the resulting solution was heated at 90 C for 3 h. The
filtrate was kept at room temperature slow evaporation for half a month resulted in
the blue crystals of 2 (yield 41% based Si). Anal. Calcd: (%): K, 1.39; Na, 1.63; H,
1.11; Cu, 7.91; Si, 1.00; W, 58.8; Found: K, 1.27; Na, 1.78; H, 1.01; Cu, 7.73; Si,
0.89; W, 58.5. IR (KBr pellet): mmax/cm
-1 938(s), 888(s), 773(s), 700(s), 700(s),
489(w) and 452(w).
X-ray Crystallography
Single-crystal X-ray data for 1 and 2 was collected on a Rigaku R-AXIS RAPID
IP diffractometer equipped with a normal focus 18 kW sealed tube X-ray source
(Mo-Ka radiation, k = 0.710 73 A˚) operating at 50 kV and 200 mA. Data
processing was accomplished with the RAXWISH processing program. A numerical
absorption correction was applied. The structure was solved by direct methods and
refined by full-matrix least-squares on F2 using the SHELXL 97 software [8]. All
hydrogen atoms for water molecules and protonation were not located but were
included in the structure factor calculations. All structures possess apparent
disorders in the range of counter ions and lattice water molecules, preventing a more
precise structural analysis. However, none of these deficiencies affects the structural
details and reliability of the polyoxoanion structures. Their occupancies were
determined by fixing the atomic displacement parameter factors (0.08) at the
beginning, and then occupancy numbers were fixed to refine their atomic
displacement parameter factors. Atoms with occupancies lower than 0.25 in
1 and 2 were ignored. The crystal data and structure refinements of compounds
1 and 2 are summarized in Table 1.




Structural Analysis of 1
Single-crystal X-ray diffraction analyses reveal that compound 1 exhibits a 1D
ladder-like chain built up of the sandwich anions [Mn4(H2O)2(GeW9O34)2]
12- and
the Mn2+ ions (Fig. 1). In this polymeric chain, four Mn2+ linkers coordinate to a
sandwich-type anion by four l2-O atoms and link the two neighboring anions to
constitute the 1D ladder-like chain, which was rarely reported for POM chemistry.
The coordination geometry of the four linking Mn2+ ions is octahedral, and each of
them is coordinated by two oxygen atoms coming from two neighboring sandwich-
type [Mn4(H2O)2(GeW9O34)2]
12- anions and four water molecules. The band Mn–O
lengths of the four linking Mn2+ ions are in the range of 2.135(11)–2.20(2) A˚. The
sandwich-type polyoxoanion in this chain was composed of two [B-a-GeW9O34]
10-
units linked by a Mn4 cluster whose four Mn
2+ ions lie in the same plane and form a
centrosymmetric regular rhomblike cluster (Fig. 2), and the [B-a-GeW9O34]
10- unit
Table 1 Crystal data and structure refinement for 1 and 2
Compound 1 Compound 2
Empirical formula Ge2H61K4Mn6Na4O98.5W18 Cu7H62K2Na4O99Si2W18
Formula mass 5669.97 5626.92
Temperature [K] 293(2) 293(2)
Wavelength [A˚] 0.71073 0.71073
Crystal system monoclinic triclinic
Space group P21/n P - 1
a [A˚] 16.693(3) 11.744(2)
b [A˚] 14.935(3) 13.415(3)
c [A˚] 20.090(4) 17.609(4)
a [] 90 73.08(3)
b [] 92.23(3) 82.68(3)
c [] 90 65.18(3)
V [A˚3] 5004.7(17) 2409.1(8)
Z 2 1
D calcd. [g cm-3] 3.763 3.879
l [mm-1] 22.203 23.142
F000 5030 2499
Data/restraints/parameters 8792/84/587 8316/126/569
Goodness-of-fit on F2 1.077 1.048
R1
a [I [ 2r(I)] 0.0471 0.0704
WR2
b 0.1068 0.1555
a R1 ¼ R Foj j  Fcj jj j=R Foj j
b wR2 ¼ R½wðFo2  Fc2Þ2=R½wðFo2Þ21=2
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provides seven oxygen donor atoms (one from the central GeO4 group and one each
from the six W atoms) that are capable of coordinating to the central Mn4 cluster to
form the Weakley-type sandwich structure. All the W and Mn centers in the
[Mn4(H2O)2(GeW9O34)2]
12- cluster exhibit the octahedral coordination environ-
ments. The bond lengths of W–O are in the range of 1.717(11)–2.422(10) A˚ and the
Mn–O bond lengths in the central cluster are in the range of 2.105(12)–2.236(12) A˚.
Structural Analysis of 2
Compound 2 is composed of the sandwich-type [Cu4(H2O)2(SiW9O34)2]
12- anionic
moieties, Cu2+ ions, K+ cations, Na+ cations and lattice water molecules. As shown
in Fig. 3, compound 2 shows a 1D chainlike structure constructed from the anions
[Cu4(H2O)2(SiW9O34)2]
12- and the linking {Cu(H2O)4}
2+ groups. In the 1D chain,
the Weakley-type polyoxoanion [Cu4(H2O)2(SiW9O34), which is isomorphic with
the anion [Mn4(H2O)2(GeW9O34)2]
12- observed in 1, is covalently bonded to two
Fig. 1 View of the 1D ladder-like chain in 1
Fig. 2 (a) Ball-and-stick representation of polyoxoanion 1; (b) polyhedral and ball-and-stick
representation of polyoxoanion 1
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adjacent {Cu(H2O)4}
2+ groups via two terminal-oxo atoms (Fig. 4). All W atoms in
2 exhibit the octahedral coordination environments and the W-O distances fall in the
range of 1.700(13)–2.414(17) A˚. All the Cu2+ ions in this 1D chain are all
coordinated in a strongly distorted octahedral fashion which exhibits Jahn–Teller
distortion with axial elongation. The band lengths of Cu–O of the two linking Cu2+
ions are in the range of 1.926(16)–2.429(15) A˚ and the bond lengths of Cu–O in the
central belt of the sandwich-type anion are in the range of 1.915(16)–2.599(66) A˚.
Interestingly, polymeric chains in 2 are linked by K+ into a 2D framework.
Within the 2D framework, the K+ is connected with two [Cu4(H2O)2(SiW9O34)2]
12-
clusters, deriving from two neighboring polymeric chains to construct the 2D
framework (Fig. 5). Each [Cu4(H2O)2(SiW9O34)2]
12- cluster is coordinated to four
K+ ions which connects with other two [Cu4(H2O)2(SiW9O34)2]
12- cluster from the
neighboring chains to constitute to the 2D structure. The K–O distances fall in the
range of 2.77(2)–3.084(18) A˚.
Fig. 3 View of the 1D chain in 2
Fig. 4 (a) Ball-and-stick representation of polyoxoanion 2; (b) polyhedral and ball-and-stick
representation of polyoxoanion 2
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The oxidation states of W, Mn and Cu sites in the two compounds are determined
based on the crystal color, bond lengths and angles, charge balance consideration
and bond valence sum calculation [9], indicating that all W sites possess +6
oxidation states, and the manganese ions in 1 and the copper ions in 2 are all in the
+2 oxidation state. Bond valence sum calculation [9] also reveals that the terminal
oxygen atoms associated to the manganese ions in 1 and to the copper ions in 2 are
all diprotonated.
Electrochemistry
The cyclic voltammetric behavior for 1 in a pH = 5 (0.4 M CH3CO-
ONa + CH3COOH) buffer solution exhibits four reduction peaks in the potential
range of +1.3 to -1.2 V and the mean peak potentials are 0.616, -0.225, -0.911
and -1.025 V (vs. Ag/AgCl), respectively (see Fig. 6). The first two reduction
waves located at 0.616 and -0.225 V and one single oxidation process (0.972 V)
are attributed to the redox processes of the Mna centers [10]. The peaks at -0.911
and -1.025 V are ascribed to the reduction process of We centers [11]. Figure 7
shows the typical cyclic voltammetric behavior of compound 2 in the pH = 5
(0.4 M CH3COONa + CH3COOH) buffer solution at the scan rate of 10 mV s
-1. It
can be seen that in the potential range +0.4 to -0.9 V, four reduction peaks appear and
the mean peak potentials are -0.041, -0.103, -0.409 and -0.691 V (vs. Ag/AgCl),
respectively. The last two redox process corresponds to the redox of the We atoms in
the polyoxoanion framework and the domain where the wave located at was also
observed in the other W-containing POMs [11]. The first two reduction waves and
their oxidation counterpart, a single oxidation process located at +0.068 V, are
Fig. 5 View of the 2D framework structure of compound 2
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attributed to the redox processes of the Cu2+ centers. The two reduction waves
located at -0.041 and -0.103 V features the two-step reduction of Cu2+ to Cu0
through Cu1+ [12].
TG Analyses
In order to examine the thermal stability of compounds 1 and 2, thermal gravimetric
(TG) analyses were carried out for 1 and 2. Thermogravimetric (TG) curve of 1
(Fig. S1) shows a total weight loss of 10.4% from 33 to 465 C, attributed to the
loss of all lattice and coordinated water molecules in 1 (calcd 9.68%). The thermal
Fig. 6 Cyclic voltammograms of 4 9 10-4 M 1 in the pH = 5 (0.4 M CH3COONa + CH3COOH)
buffer solution at the scan rate of 50 mV s-1. The working electrode was glassy carbon; the reference
electrode was Ag/AgCl
Fig. 7 Cyclic voltammograms of 2 9 10-4 M 2 in the pH = 5 (0.4 M CH3COONa + CH3COOH)
buffer solution at the scan rate of 10 mV s-1. The working electrode was glassy carbon; the reference
electrode was Ag/AgCl
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gravimetric (TG) curve of 2 shows a weight loss of 11.8% in the range of 28–
460 C, which corresponds to the loss of all noncoordinated and coordinated water
molecules (Fig. S2). The weight loss of 11.8% is a little higher than the calculated
value of 9.92%. The reason could be that the solvent accessible voids of about
199.1 A˚3 (as determined by PLATON program) exist in the unit cell of compound 1,
which could accommodate several disordered water molecules in the formula unit.
Conclusions
In conclusion, two new 1D heteropolyoxotungstates built up of the sandwich-type
clusters and transition metal linkers, K4Na4[Mn2(H2O)8Mn4(H2O)2(GeW9O34)2] 
20.5H2O (1) and K2Na4Cu2(H2O)12[Cu(H2O)2Cu4(H2O)2(SiW9O34)2]  15H2O (2),
have been obtained in the aqueous solutions. The successful synthesis of the two
compounds suggests that the sandwich-type polyoxoanions might be the useful
precursors for the construction of POM-based extended framework. The properties
and functionalities of such compounds might be adjusted by the choice of different
transition metal ions in the sandwich sites. More work in this field is underway.
Supplementary Materials
X-ray crystallographic files in CIF format, TG curves and the IR spectra of compounds
1 and 2. Further details on the crystal structure investigations may be obtained
from the Fachinformationszentrum Karlsruhe, 76344 Eggenstein-Leopoldshafen,
Germany (fax: +49-7247-808-666; e-mail: crysdata@fiz-karlsruhe.de), on quoting
the depository numbers CSD-418859 for 1 and CSD-418860 for 2.
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